Abstract. Certain methods of Probable Maximum Precipitation (PMP) estimation such as the generalized estimation method involve the transposition to the target area of intense storms that occurred in adjacent areas. This storm transposition step is based on the assumption that it is possible to delineate a "meteorologically homogeneous region" (World Meteorological Organization, 2009) surrounding the target area so that the precipitation field of a storm that occurred within this region may be transposed over the target area. Differences between conditions at the storm site and those at the project basin, such as 5 differences in topography and in the proximity to the moisture source, are accounted for by "transposition adjustments". In this article, a new method for the transposition of tropical cyclones (TCs) is presented. This method is fully physically based as it uses a regional atmospheric model (RAM) to reconstruct the intense precipitation field from a TC, thus crucially conserving the mass, momentum and energy in the system. In this transposition method, the initial vortex in the simulation initial conditions is first shifted spatially. More precisely, the TC at the simulation start date is first separated from its background environment, then 10 shifted, and finally recombined with the background environment. Then, the RAM is run as usual to simulate the TC and its precipitation field. The new transposition method was applied to four hurricanes which spawned torrential precipitation in the United States, namely Hurricanes Floyd (1999), Frances (2004 ), Ivan (2004 ), and Isaac (2012, in order to maximize the 72-h accumulated precipitation depth over the drainage basin of the city of Asheville, N.C. It was observed that the precipitation fields changed in both structure and intensity after transposition. Besides, the tracks of the hurricanes were generally very 15 sensitive to changes in the initial conditions, which is expected for a storm system whose dynamics is strongly nonlinear. In particular, a small change in the location of the initial vortex may result in a very different track, allowing the TC to go over the target area.
analysis (FFA) is the preferred approach. FFA analysis uses historical measured data, sometimes combined with paleoflood data 1 , in order to reconstruct the flood frequency curve at a specific location along a stream. The frequency of extreme floods is then estimated by extrapolating the flood frequency curve for a return period beyond the available data by the use of some statistical distribution. Another approach for the design of large structures is to determine the Probable Maximum Flood (PMF), which represents the potential maximum runoff resulting from the most severe combination of hydrological and meteorological 5 conditions that are considered reasonably possible for a particular drainage basin (Shalaby, 1994) . As extreme floods are usually triggered by extreme precipitation, it is legitimate to start the investigation of extreme floods by looking for the most extreme precipitation events that can occur over the basin containing the structure. As a result, hydrologists and meteorologists developed the concept of Probable Maximum Precipitation (PMP), which is the greatest depth of precipitation for a given duration meteorologically possible for a design watershed or a given storm area at a particular location at a particular time of These methods have been used for several decades in order to provide PMP estimates in several countries including the United Stated (Hershfield, 1961 (Hershfield, , 1965 Corrigan, 1999) , China (Zhan and Zhou, 1984) , India (Rakhecha and Soman, 1994;  the transposed precipitation field is usually significantly different from the original precipitation field in terms of its structure and intensity, as we show in this article for the case of TCs. Another example is the generalized estimation, which involves a moisture maximization step. The moisture maximization model is a linearized meteorological model that maximizes severe precipitation by the ratio of the maximum to the actual precipitable water. Precipitable water is calculated using persisting 12-h or 24-h dew points at the surface based on the assumption of a saturated pseudo-adiabatic atmosphere (World Meteorological 5 Organization, 2009). The application of this moisture maximization method can be flawed to the extent that the relationship between precipitable water and dew point temperature at the surface is nonlinear (Abbs, 1999) .
Recently, new methods for PMP estimation have been developed. Ohara et al. (2011) and Ishida et al. (2014 Ishida et al. ( , 2015 proposed a physically based approach for the estimation of the PMP, which they called "maximum precipitation" (MP) to distinguish it from the traditional PMP. In this approach, they used a regional atmospheric model (RAM) to reconstruct, through dynami-10 cal downscaling, the precipitation fields associated with intense atmospheric rivers 2 in California. Contrary to the traditional PMP approaches mentioned previously, their method has the advantage of conserving the mass, momentum and energy in the simulation domains, since the atmospheric model solves numerically the governing equations for the conservation of these quantities. Using a RAM also allows taking into account explicitly the effects of certain features that may generate extreme precipitation over a given area. For instance, RAMs explicitly account for the topography, which has been shown to play a 15 major role in the generation of heavy rainfall in certain geographical regions (Wu et al., 2002; Ge et al., 2010; Lin et al., 2010) .
The maximization of the precipitation from atmospheric rivers over a target basin (Ohara et al., 2011; Ishida et al., 2014 Ishida et al., , 2015 consists of 1) shifting the atmospheric state variables at the boundaries of the simulation outer domain, and 2) setting the relative humidity at the boundaries of the simulation outer domain to 100%. The first step (shifting) brings the storm over the target area, while the second step (moisture maximization) further maximizes the precipitation over this target area. Ishida et al. 20 (2014 Ishida et al. 20 ( , 2015 successfully applied this method to three watersheds in Northern California, subject to intense precipitation from atmospheric rivers. This physically based precipitation maximization method through the shifting of the boundary conditions is well suited for the maximization of precipitation from atmospheric rivers because the simulation of atmospheric rivers is essentially a boundary value problem: the severe conditions responsible for intense precipitation such as large moisture transport penetrate the simulation outer domain through the boundaries. On the other hand, several studies (e.g. Zou and Xiao, 2000; 25 Wu, 2001) have emphasized the importance of using a realistic initial vortex for the numerical simulation of a tropical cyclone (TC). To this extent, the simulation of a TC is more of an initial value problem than it is a boundary value problem. As such, this article presents a new method for the storm transposition of TCs.
To the authors' knowledge, this is the first study investigating a fully physically based method to maximize the precipitation from a TC over a given target area. Lee et al. (2017) investigated the effects of increasing the sea temperature and maximizing 30 the moisture at the domain's boundaries on the precipitation caused by Hurricane Rusa (2002) in Korea. They showed that the storm simulated within the aforementioned framework (i.e. increased sea temperature and increased moisture at the boundaries) produced significantly more rainfall over Korea than the historical storm. However, an increase in the precipitation depth over the target area due to an increase in temperature and boundary moisture may occur only if the original TC already spawned 5. Compute the perturbation fields by subtracting the background fields obtained in step 4 from the original fields. The perturbation fields are zero everywhere except inside the circle; 6. Shift the perturbation fields; 7. Add the shifted perturbation fields to the corresponding background fields obtained in step 4. This procedure is illustrated in Fig. 4 for the surface zonal wind velocity (i.e. for the x-component of the surface wind field) 5 in Hurricane Ivan (2004) . In practice, the storm will not be perfectly axisymmetric so that the radius R in step 2 may be defined as the radius of the circle that contains the region of influence of the TC. The size of this region of influence can vary from one atmospheric field to another (e.g. wind velocity field vs. temperature field) as well as with height (e.g. surface wind field vs.
wind field on the 500 mbar surface).
The transposition method assumes that it is possible to separate the contribution of the TC from its background environment.
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Ideally, the shifting exercise should be performed while the TC is still over the ocean, far from land and especially from its location of landfall. Furthermore, the shifting exercise should be performed before the TC starts its extratropical transition, in which case the system starts developing characteristic features such as high asymmetry, loss of warm core, fronts, tilt away from vertical, expansion of the wind field, and strong interaction with the midlatitude westerlies and possibly with extratropical systems (Chan and Kepert, 2010) . After a TC starts its extratropical transition, it may be difficult to assess what part of the field 15 is due to the TC and what part of the field is due to other systems.
On the other hand, if the shifting exercise is performed too early during the life cycle of the TC, the initial vortex may be too weak, which will impact the quality of the simulations and the intensity of the storm in its mature stage. As a consequence, one needs to be particularly careful in choosing the simulation start date so that the best compromise is found between the aforementioned restrictions regarding the initial TC.
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The interpolation method used in step 4 is now described. One can use other interpolation methods if desired, as long as they produce realistic background fields. Let us consider a given atmospheric field (e.g. the surface pressure field). We denote the original field by F 1 and the field after transposition by F 2 . The interpolation is performed by executing the following procedure:
1. Consider a square of side 2a with a > R (Fig. 1); 2. For every point (x i ,y i ) lying within the circle of center (x c ,y c ) and of radius R, that is to say the points for which
3. Assign to every point (x o ,y o ) lying within the square but outside the circle a weight inversely proportional to the distance between (x o ,y o ) and (x i ,y i ) . This weight can be computed as
where N is a normalizing factor ensuring that the sum of the w o is equal to 1 and n is an arbitrary positive constant; say the points lying within the square but outside the circle; The last step is a smoothing step ensuring that the interpolated field inside the circle matches smoothly with the original field outside the circle. In this study, we used a = 1.1 × R, n = 6 and chose α such that α = 1 if d ic ≤ 0.75 R and (Fig. 8c ).
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In this study, Hurricane Ivan was simulated with the Weather Research and Forecasting (WRF) model (Skamarock and Klemp, 2008 ) (Version 3.7). No observation was used for nudging or data assimilation (since the location of the storm is modified in the initial conditions), so that the model was only subject to the influence of the initial and boundary conditions.
The initial and boundary conditions were obtained from the Climate Forecast System Reanalysis (CFSR; Saha et al., 2010) .
CFSR is produced by the U.S. National Weather Service National Centers for Environmental Prediction (NWS/NCEP) at 0.5
•
15
× 0.5
• spatial resolution and 6-h temporal resolution. Three nested domains were used for the simulations (Fig. 2) Pollard et al. (1972) . The parameterization schemes used for the simulation of Hurricane Ivan are given in Table 1 The target area selected for this study is the drainage basin of the city of Asheville in North Carolina ( Hurricane Ivan was transposed in a direction orthogonal to its direction of propagation at the simulation start date (Fig. 5 ).
The transposition exercise was first performed for 29 increments of shift (including zero shift), from 1.67
• W and 7.18
• S to 1.67
• E and 7.18 • S, for which it is 234 mm (9.21 in).
The second step of the maximization procedure (through storm transposition) is to refine around the local maxima obtained in the previous step. This refinement was performed by considering the increments of shift halfway between the local maxima 20 and the neighboring increments of shift. The results for the two aforementioned maxima of the 72-h basin average precipitation depth are presented in Fig. 6b . The first refinement confirms that the first peak of the 72-h basin average precipitation occurring for an amount of shift of 1.07
• W and 4.61
• S is larger than the peak associated with an amount of shift of 0.24
• W and 1.02
• S. As a result, the last refinement presented in Fig. 6c is performed only around the first peak. As many refinement steps as necessary can be carried out. In the case of the transposition of Hurricane Ivan, Fig. 6 shows that the maximum 72-h basin 25 average precipitation depth does not change appreciably from the second refinement step to the third refinement step. As a result, an estimation of the maximum 72-h basin average precipitation depth that Hurricane Ivan could have caused over the Asheville watershed (if it had passed over this area) is given by the red diamond in Fig. 6c and it is equal to approximately 348 mm (13.7 in). Figure 7 also shows that the simulated precipitation field in the case of zero shift (first plot on Row 6) is located east of the observed precipitation field (Fig. 8c) . Given 1) the strong nonlinearity involved in the dynamics of a TC, 2) the fact that we 5 used no nudging and data assimilation, and 3) the early simulation start date (about ten days before the time of landfall), it is not expected that the numerical model manages to reproduce accurately the track of the TC, including the time and location of landfall. Therefore, in order to place the simulated precipitation field in the right location, it is necessary to use a later simulation start date, as was done for the calibration of the WRF model discussed in the appendix for which the simulation start date was only two days before the time of landfall. . It is observed that the maximized precipitation field is overall significantly more intense than the observed field, which shows that the physically based transposition method does not result in a simple transposition of the storm's precipitation field,
as it is often assumed in the traditional PMP approaches.
In order to explain the difference in intensity between the maximized precipitation field and the observed precipitation field, we calculated the time-averaged integrated vapor transport (IVT) field and its divergence for 1) the storm resulting from the maximization of the 72-h basin average precipitation depth (corresponding to Fig. 8b ) and 2) the storm resulting from the calibration of the WRF model (corresponding to Fig. A1c ). Given the good agreement between the observed precipitation field 20 ( Fig. 8c ) and the precipitation field of the storm resulting from the calibration (Fig. A1c) , the simulated moisture transport field (in calibration) is expected to be close to the moisture transport field of the original (i.e. observed) storm.
The IVT field (or moisture advection field) is a 2-dimensional vector field which quantifies the horizontal transport of water vapor by the wind. It is given by the following relationship:
where z is the vertical coordinate (height), z top is the height of the top of the atmosphere, ρ v is the density of the water vapor, q v is the water vapor mixing ratio, ρ is the density of dry air, p is pressure, p surf is the surface pressure, g is the gravitational acceleration, and U is the wind velocity vector.
Results are presented in Fig. 9 . water vapor contained in an atmospheric column. Comparing Fig. 9a with Fig. 8b on the one hand, and Fig. 9b with Fig. A1c on the other hand, it is obvious that the regions of intense precipitation coincide with the regions where the convergence (the negative of the divergence) of the IVT is maximized. As a result, the local increase of water vapor in the atmosphere through convergence of the IVT is likely to have played a major role in the generation of intense precipitation in Hurricane Ivan.
Interestingly, the magnitude of the IVT in the storm resulting from the maximization is only slightly larger than the magnitude 5 of the IVT in the storm resulting from the calibration. In particular, around the target area and downstream from the target area, both magnitudes are approximately the same. As a consequence, the significant increase in the intensity of the precipitation field in Hurricane Ivan between the maximized case and the calibrated case seems to be due to an increase of the convergence of the IVT rather than to an increase of the magnitude of the IVT. Figure 10 shows the location of the center of low mean sea level pressure before transposition (corresponding to the green points) and after transposition (corresponding to the black points). In the case of Hurricane Ivan, Fig. 7 shows that the precipi-20 tation field for zero shift (first plot on Row 6) already goes through the target watershed. This is the reason why we considered the amounts of shift symmetrically around zero for Hurricane Ivan (Fig. 5 ). In the case of Hurricane Floyd, the precipitation field for zero shift is located significantly east of the target watershed (not shown), which explains why only negative amounts of shift (westerly and southerly) were considered for Hurricane Floyd (Fig. 10a) . In the case of Hurricane Frances, the precipitation field corresponding to zero shift is located slightly west of the target watershed (not shown), which explains why more 25 positive (easterly and northerly) than negative (westerly and southerly) amounts of shift were considered (Fig. 10b) . Finally, in the case of Hurricane Isaac, the precipitation field corresponding to zero shift is located significantly west of the target watershed (not shown), which explains why positive amounts of shift (easterly and northerly) were predominantly considered (Fig. 10c) .
The results for the transposition of these three hurricanes are presented in Fig. 11 . Figure 11 shows the 72-h basin average 30 precipitation depth as a function of the zonal component of the shift. The y-axis represents the precipitation depth of the 72-h time window for which the precipitation over the target is the largest for each simulation.
It is observed that the results for the transposition of Hurricanes Floyd and Isaac ( Fig. 11a and c) for the transposition of Hurricane Ivan to the extent that the graphs of the 72-h basin average precipitation depth as a function of the zonal component of the shift contain well defined peaks, and the maximum 72-h precipitation depths (given by the red diamonds) were obtained through the refinement steps described in Section 3. However, the results are significantly different in the case of Hurricane Frances (Fig. 11b) . Indeed the graph of the 72-h basin average precipitation depth as a function of the zonal component of the shift is very oscillatory. Actually, the refinement procedure failed in the case of Hurricane Frances. As 5 refinement steps were performed, new peaks kept appearing in the graph and the existing peaks got narrower. As a result, it was necessary to use a much finer shifting increment for the whole shifting window from 0.077 and the track of the storm (given by the black dots) for the simulation which maximized the 72-h basin average precipitation depth (Fig. 12b) , and for the simulations associated with a shifting amount slightly more south-west (Fig. 12a) , and slightly more north-east (Fig. 12c ) than for the maximized case. More precisely, the shifting amount for Fig. 12a is 0.066 (Fig. 14) .
30 Figure 15 shows that, for Hurricane Frances, the maximized precipitation field is overall significantly more intense than the observed precipitation field, as was the case for Hurricane Ivan. However, in the case of Hurricane Isaac (Fig. 16) , the maximized precipitation field is overall as intense as the observed precipitation field, whereas in the case of Hurricane Floyd ( Fig.   13 and 14 ) the maximized precipitation field is overall slightly less intense than the observed precipitation field. confirm that the new transposition method does not lead to a simple transposition of the observed precipitation field over the target area. The intensity and structure of the transposed precipitation field depend on the new track of the TC, and on how the transposed TC interacts with its environment including the local topography and the presence of other synoptic and mesoscale systems. These interactions are explicitly accounted for by the RAM which crucially conserves the mass, momentum, and energy. 
Procedure for the physically based estimation of the PMP through numerical transposition of TCs
In the previous sections, a method to maximize the precipitation from a TC over a specified target area was presented and applied to four hurricanes that spawned torrential precipitation in the United States. The drainage basin of the city of Asheville was used as the target area. In this section, we propose a procedure to estimate the PMP for a target area whose intense precip-20 itation is caused by TCs, as it is usually the case for a sufficiently large 7 watershed in the eastern United States.
The first step is to identify the TCs that can potentially generate intense precipitation over the target area. It was shown previously that the track of a TC may be very sensitive to small changes in the location of the storm at the simulation start date, and that the response of the track to such changes may be highly nonlinear. As a result, a TC that affected a region far from the target may still be able to produce significant precipitation over the target after transposition. Similarly, a TC that did 25 not originally make landfall may be brought over land and pass over the target after transposition. Thus most historical TCs should be considered, except for those for which it is obvious that a small shift of the initial vortex will not bring the TC over the target area. Let us write N T C as the number of TCs selected in the first step.
Second, for each of these N T C TCs, it is necessary to calibrate the WRF model as discussed in the appendix in order to identify an appropriate set of the model's physics parameterization options. In this article, we considered one set of options for 30 each storm (Tables 1 and 2 ). However, several sets of options may provide satisfactory calibration results. If this is the case, one should consider all the sets of the model's options that give satisfactory calibration results for a given TC in order to account 7 > 100 mi 2 according to Zurndorfer et al. (1986) 11
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-665 Manuscript under review for journal Hydrol. Earth Syst. Sci. Ideally, the choice of the simulation start date should respect the restrictions emphasized in Section 2 including the facts that the TC in the initial conditions should be far enough from land, it should be intense enough, and it should not have started its extratropical transition. In this article, one simulation start date was considered for each event. For example, in the case of Hurricane Ivan, the simulation start date was 09/06/2004 00:00 UTC. However, in order to account for the uncertainties related may also be used to account for uncertainties related to the initial and boundary conditions.
An estimate of the PMP over the target area is obtained by applying the transposition method presented in this article to all the identified TCs and for all the corresponding sets of options and simulation start dates. This amounts to performing the transposition exercise N times where N =
. This corresponds to a significant computational effort. However, with today's technology, such a computational effort is feasible. Several recent studies reported on the application century. To achieve this objective, they dynamically downscaled to 3-km resolution thirteen climate projections from two GCMs under four emission scenarios and several initial conditions, and used these atmospheric state variables as input to the WEHY model, a physically based hydrologic model based on upscaled conservation equations (Chen et al., 2004a, b; Kavvas et al., 2004) .
Moreover, in this study, the shifting increments used in the transposition of the four hurricanes were relatively small. For 25 example, 29 increments of shift were first considered for Hurricane Ivan (Fig. 5) . In practice, many TCs can be ruled out by performing the transposition exercise with a larger shifting increment. For example one may first consider five increments of shift and check if the TC gets closer to the target. If this is not the case, this TC can be disregarded for the purpose of PMP estimation.
In the end, one obtains N realizations of a TC spawning intense precipitation over the target area. The PMP may be chosen 30 as the largest 72-h (or other duration) basin average precipitation depth among these N realizations. Besides, the proposed procedure offers a way to quantify the uncertainties associated with the PMP estimate due the uncertainties in the model and in the initial conditions. Suppose that the maximum precipitation depth over the target is obtained for the j Finally, we note that the proposed procedure for the estimation of the PMP can handle non-stationarity in the hydroclimate, which is not the case for the traditional approaches. Indeed, since it is physically based, the new transposition method can be applied to future TCs, through dynamical downscaling of projections from GCMs, which would allow investigating how the PMP evolves as the climate changes.
Conclusions
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In this article, a new storm transposition method designed for the transposition of TCs was presented. This method is fully physically based, as it uses a RAM to numerically simulate a TC and its precipitation field. As a result, it has the fundamental advantage of conserving the mass, momentum, and energy in the system since the RAM numerically solves the equations governing the conservation of these quantities. The new storm transposition method is based on the shifting of the initial vortex of the TC at the simulation start date. More precisely, the TC in the initial conditions is first separated from its background 10 environment, then shifted, and finally recombined with the background environment. The objective of this method is to find the amount of shift which maximizes the precipitation depth over a given target area.
In this study, the transposition method was applied to four hurricanes that had spawned torrential precipitation in the United States, namely Hurricanes Floyd (1999 ), Frances (2004 ), Ivan (2004 ), and Isaac (2012 . The drainage basin of the city of Asheville was selected as the target. It was found that the tracks of these TCs are generally very sensitive to changes in the 15 location of the initial vortex, and that the response of the tracks to such changes is nonlinear. In particular, a small shift of the initial vortex can result in a significant change in the location, structure, and intensity of the precipitation field, thus putting into question both the legitimacy of the conventional transposition of the precipitation field from a TC (as is often the case in the traditional PMP approaches) and the existence of a meteorologically homogeneous region that sets the transposition limits. The precipitation fields resulting from the numerical atmospheric model-based maximization (through transposition) of Hurricanes
20
Frances and Ivan are overall significantly more intense than the observed precipitation fields. The investigation of the IVT and its convergence in the case of Hurricane Ivan revealed that the increased intensity in the maximized precipitation field is due to an increase in the convergence of the IVT rather than to an increase in the magnitude of the IVT. In the case of Hurricane Floyd, the numerical atmospheric model maximized precipitation field was overall slightly less intense than the observed precipitation field, whereas for Hurricane Isaac, the maximized precipitation field was overall as intense as the observed precipitation field.
25
The maximum 72-h basin average precipitation depth resulting from the transposition of the four hurricanes was equal to 427 mm (16.8 in). It compares favorably to the 72-h TVA precipitation obtained by the generalized method (Zurndorfer et al., 1986) which is equal to 503 mm (19.8 in), but remains about half of the 72-h PMP obtained with the generalized method which is equal to 869 mm (34.2 in). Finally, a procedure is proposed for the physically based estimation of the PMP over a given target area based on the new transposition method. If possible, the transposition exercise should be performed using different 30 sets of the RAM's options, and different simulation start dates, in order to quantify the uncertainties in the PMP estimate due to the model uncertainties and uncertainties in the initial conditions. For each event, the authors tried several combinations of the WRF model's physics parameterization options, which include the microphysics options, cumulus options, planetary boundary layer options, shortwave and longwave radiation options, surface layer options, and land surface options. In each case, the "best" combination, given in Table 1 for Hurricane Ivan and in Table 2 for Hurricanes Floyd, Frances and Isaac, was selected based on the model's performance in reproducing the observed precipitation field. The calibration was performed by changing the parameterization schemes starting from a list of combina-10 tions of these schemes based on the literature and on the authors' experience in the numerical modeling of storm systems. It was terminated when satisfactory results were obtained in terms of the reconstruction of the TCs' precipitation fields.
The performance of the model in reproducing the precipitation fields was assessed in two ways: first by the use of three metrics (described below), and second by visual examination of the plots of the simulated and observed precipitation fields.
Since Hurricane Floyd (1999) occurred before the period of availability of the Stage IV dataset, the metrics were not calculated 15 for this event. What was determined to be the "best" result was often a compromise between the quantitative results in terms of three metrics, and the more qualitative visual examination of the accumulated precipitation fields.
The first quantitative metric was the relative error in the inner-domain-averaged total precipitation:
where P Tsim is computed by accumulating simulated precipitation for a given time period at each cell which was then 20 averaged over the inner domain, and P T obs is defined similarly for the observed precipitation. The relative error in innerdomain-averaged total precipitation indicates if the model adequately simulated the total precipitation amount over the period of interest.
The second quantitative metric utilized was the overlap percentage, computed for several precipitation thresholds. The overlap percentage is equal to 100 times the number of grid points where both the observation and the simulation are above the The third quantitative metric was the area ratio between the simulated and observed precipitation fields (precipitation field 30 area ratio; PFAR) for each threshold. If this ratio is less than one, the model underestimated the size of the precipitation field above the threshold. If the ratio is larger than one, the model overestimated the size of the precipitation field above the threshold.
As a consequence, the best performance is obtained when the overlap percentage is close to 100% and the PFAR is close to 1. Figure A1 presents the simulated precipitation fields in the four hurricanes. These simulated precipitation fields can be compared to the observed precipitation fields shown in Fig. 8c, 14 , 15c and 16c. Table A1 summarizes the calibration results in terms of the three metrics for Hurricanes Frances, Ivan and Isaac. Figure A1 and Table A1 show that the WRF model provided overall good performance in reconstructing the precipitation fields associated with the four TCs.
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